Ageing leads to a progressive decline in human locomotor performance. However, it is not known whether this decline results from reduced joint moment and power generation of all lower limb muscle groups or just some of them. To further our understanding of age-related locomotor decline, we compare the amounts of joint moments and powers generated by lower limb muscles during walking (self-selected), running (4 m s
Introduction
It is clearly evident that human locomotor performance declines with age. This phenomenon is largely owing to age-related attenuation of the locomotor system function [1] , which predisposes to compromised movement patterns [2] and substantially limits the amount of ground reaction forces (GRFs) that can be applied by lower limb muscles to support and move the body forward [3] . However, although the biomechanics of human locomotion is well studied, there is still a substantial lack of knowledge regarding whether age-related decline in locomotor performance results from reduced muscular output of all lower limb muscle groups or just some of them. This information is essential for further understanding the underlying mechanisms behind age-related locomotor decline and would provide important insights for preventing performance impairments in older age.
Previous studies examining age-related changes in lower limb joint kinetics during walking have revealed that older adults exhibit a reduction in ankle plantarflexor power generation, but instead demonstrate more power generation from the hip and/or knee extensors [4] [5] [6] [7] . This so-called distal-to-proximal shift in joint powers in walking is suggested to be a compensation strategy for old people to accommodate diminished force generation capacity of the lower limbs [2] .
As humans switch from walking to running, more than two times greater GRF must be generated by lower limb muscles [8] , which likely pose even greater challenges for ageing humans. Previous research of age-related changes in running mechanics has focused mainly on GRF, stride parameters and kinematics. These studies have demonstrated that at a given speed, older runners exhibit lower GRF and take shorter steps at a higher frequency compared with younger runners [9, 10] . Other findings include a larger knee flexion angle observed at initial ground contact, but reduction in the knee flexion excursion during the first half of the stance phase in older population [9, 11] . As runners increase speed, greater GRF generation is required to support and propel the body [8, 12] . Comparison of older and young sprinters has shown that reduced GRF generation, decreased step length and increased ground contact time limits sprinting performance with age [3] .
To date, we have encountered only two studies in which lower limb joint kinetics have been compared between older and young runners [13, 14] . The results of these studies show that older runners exhibit lower ankle plantarflexor moment and power generation, but exhibit no differences in the kinetics of the knee and hip joints when running at 2.7 m s
21
. These findings suggest that running at speed below approximately 3 m s 21 may be not enough to trigger kinetic changes in the knee and hip joints. So far, however, no studies have quantified the effects of ageing on lower limb joint kinetics at greater running speeds where higher moment and power output from all lower limb muscle groups are required [15, 16] . The purpose of this study was to examine age-related changes in lower limb joint kinetics across different modes and intensity of locomotion. Specifically, we compared the amounts of joint moments and powers generated by the lower limb muscles among three age-groups as they changed locomotion from walking to more intensive running and then to maximal sprinting. We hypothesized that during walking and running the older adults would demonstrate distal-to-proximal shift in joint powers to compensate reduced moment and power output of the ankle joint. In addition, we predicted that during sprinting older adults would demonstrate reduced moment and power output of the ankle, knee and hip joints.
Material and methods

Participants
Three different age groups of competitive healthy male athletes (sprinters, long jumpers) with several years of training background participated in this study. Each group consisted of 13 participants with a mean age of 26 + 6 (young group), 61 + 5 (middle-aged group) and 78 + 4 (old group) years, respectively (table 1) . At the beginning of the study, all participants provided informed consent and confirmed that they did not have a previous history of any musculoskeletal problems, such as a recent injury or surgery, which could have an effect on the locomotion pattern of the subject. We included athletes if they were injury and symptom-free at the onset of the study. The study was approved by the ethical committee of the central Finland healthcare district and was performed in the accordance with the Declaration of Helsinki.
Biomechanical analysis
Biomechanical measurements were conducted in an indoor sports hall. After a warm-up, subjects performed three walking trials at a self-selected speed, three running trials at 4.0 + 0.2 m s 21 and two 60 m sprinting trials at maximal effort. The speed was monitored with photocells between 30 and 40 m section of the runway, which was also used as the capture area for the motion analysis. Subjects used their own running shoes during walking and their own track shoes during running and sprinting.
An eight-camera system (Vicon T40, Oxford, UK) and five force platforms (total length 5.7 m, AMTI, Watertown, MA) were used to record marker positions and GRF data synchronously at 300 and 1500 Hz, respectively. Anthropometric measurements (height, weight, leg length and knee and ankle diameters) and bilateral placement of 22 retroreflective markers (on the shoe over the second metatarsal head and over the posterior calcaneus, lateral malleolus, lateral shank, lateral knee, lateral thigh, anterior superior iliac spine, posterior superior iliac spine, clavicula, sternum, seventh cervical vertebra, 10th thoracic vertebra) were carried out according to plug in gait full body model (Vicon).
Kinematic and kinetic analyses were performed using the standard plug in gait model (Vicon Nexus v. 1.7, Oxford, UK). Marker trajectories and GRF data were low-pass filtered using a fourthorder Butterworth filter with cut-off frequency of 18 Hz to avoid impact artefacts [17, 18] .
Step frequency, contact time and step length were determined using foot contact and toe-off events based on the 20 N GRF threshold level. Foot strike angle during initial ground contact was determined according to Altman & Davis [19] . Net joint moments and powers determined by inverse dynamics were normalized to body weight (Nm kg
21
). Kinematic and kinetic data during the stance phase were then time normalized (0-100%) and averaged across several ground contacts. In order to avoid muscle fatigue, only two maximal sprinting trials were collected per subject. Therefore, the leg that exhibited more successful force place contacts on any of the five force plates during two sprinting trials was selected for the analysis. The total number of analysed contacts per subject varied from three to four during walking and running and two to four contacts during sprinting.
Statistical analysis
Primary parameters of interest were peak net joint moments and powers during the stance phase. Secondary parameters including peak vertical and anterior-posterior GRF and selected spatiotemporal and joint angle parameters were also analysed. Univariate differences between three age-groups were compared using oneway ANOVAwith Bonferroni adjustment (SPSS 18.0, SPSS, Chicago, IL). p-Values less than 0.05 were considered significant.
Results
Walking
No differences were found between age groups in the spatio-temporal and GRF parameters (table 3 and electronic supplementary material, figure S1 ). Lower limb kinetics showed no differences in joint moments (figure 1a), but in joint powers, the old group demonstrated 22% less power generation of the ankle plantarflexors ( p , 0.05) and 31% more power absorption of the knee extensors ( p , 0.05) compared with the young group ( figure 2a and table 3 ). In addition, the athletes in the middle-aged and old groups showed trends towards lower ankle plantarflexor moments (5% and 10%, respectively) but higher hip extensor moments (16% and 22%) and power (27% and 41%) than the athletes in young group (figure 1a  and table 3) . Results of kinematic analysis showed that during the first half of the stance, the old athletes flexed at the knee more compared with the young ( p , 0.01) and middle-aged ( p , 0.05) athletes. Additionally, the old group demonstrated more hip flexion than the young group ( p , 0.05; figure 3a and table 3).
Running
The running speed and contact time did not differ between groups, but the athletes in the old group had shorter step length and higher step frequency compared with the young ( p , 0.001, p , 0.001) and middle-aged ( p , 0.05, p , 0.001) groups (table 2) . GRF comparisons showed that the young and middle-aged athletes produced 17% ( p , 0.001) and 10% ( p , 0.05) higher vertical force than the old athletes, respectively (table 3 and electronic supplementary material, figure S1 ). In addition, the propulsion force of the young group was 25% higher compared with the old group ( p , 0.001, table 3 and electronic supplementary material, figure S1 ). Joint kinetics differed between groups at the ankle joint level where the young group demonstrated 25% higher ankle plantarflexor moment ( p , 0.001, figure 1b and table 3) and 31% more power absorption ( p , 0.05, figure 2b and table 3) than the old group. Furthermore, the ankle joint power generation was 41% ( p , 0.001) and 22% ( p , 0.001) greater in the young and middle-aged athletes, respectively, compared with the old athletes (figure 2b and table 3). In the knee kinetics and kinematics, there were no significant group differences. At the hip joint level, the athletes in the old group showed more flexion compared with the young ( p , 0.01) and middle-aged ( p , 0.05) athletes (figure 2b and  table 3 ). In addition, the middle-aged and old groups showed a tendency towards greater hip kinetics, with significant differences observed in the hip extensor power, where the old athletes had 41% higher values compared with the young athletes ( p , 0.05, figure 2b and table 3).
Sprinting
The young group (9.3 m s 21 ) had higher maximum sprinting speed compared with the middle-aged (7.9 m s
21
, p , 0.001) and old (6.6 m s
, p , 0.001) groups. The athletes in the old and middle-aged groups showed shorter step length ( p , 0.01, p , 0.001), greater contact time ( p , 0.001, p , 0.001) and lower step frequency ( p , 0.001, p , 0.001; table 2) than athletes in the young group. GRF comparison revealed an age-related decline in both vertical and horizontal force (table 3 and electronic supplementary material, figure S1 ). Peak vertical GRF of the young and middle-aged groups were 19% ( p , 0.001) and 12% ( p , 0.001) higher than in the old group, respectively. The young group showed 20% greater propulsion force compared with the middle-aged rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140858 group ( p , 0.001) and 28% and 36% greater braking and propulsion GRF than the old group ( p , 0.001, p , 0.001). Lower limb kinetics differed significantly between groups at the ankle and hip joints, but not at the knee joint. The young athletes produced 14% and 27% more ankle plantarflexor moment compared with the middle-aged ( p , 0.05) and old ( p , 0.001) athletes (figure 1c and table 3 ). Ankle power absorption of the young group was 32% ( p , 0.01) and 53% ( p , 0.001) greater and power generation 30% ( p , 0.001) and 47% ( p , 0.001) greater compared with the middle-aged and old groups, respectively (figure 2c and table 3). At the hip joint level, the young group demonstrated 25% greater extensor moment and 34% greater flexor moment than the old group ( figure 1c and table 3 ). Hip power generation of the athletes in the young group was 31% and 38% greater compared with middle-aged ( p , 0.01) and old ( p , 0.001) athletes, respectively (figure 2c and table 3). Hip power absorption of the young and middle-aged groups was 38% ( p , 0.001) and 29% ( p , 0.05) higher compared with the old group, respectively (figure 2c and 
Discussion
This is the first study, to the best of knowledge, to describe which lower limb muscles are mainly responsible for the age-related deterioration seen in human locomotor performance. Our findings demonstrate that age-related propulsive deficit of ankle plantarflexors becomes more severe as humans switch from walking to running to sprinting. As a result, old athletes exhibit significantly higher muscular output of the more proximal lower limb muscles than their younger counterparts when walking and running at the same speed. During maximal sprinting, reduced muscular output of the hip extensors and flexors in older athletes also contribute to the declines seen in performance, whereas no age-related effects were present in the muscular output of the knee joint.
Walking
Consistent with the recent investigations in physically active older men [4, 5] , we found that competitive older athletes demonstrated changes in lower limb kinetics during walking but maintained similar preferred speeds as their younger counterparts. The alteration in gait was largest among the old group who demonstrated 22% lower ankle power generation compared with the young group. Furthermore, there was a trend towards lower ankle plantarflexor moment among the middle-aged and old athletes who exhibited 5% and 10% lower values compared with young athletes. An almost similar age-related decline in the ankle plantarflexor moment during walking was recently reported by Boyer et al. [5] , who observed 7% difference between young and physically active older adults when a similar speed (1.6 m s 21 ) was used. As a compensatory action for reduced ankle kinetics during walking, we observed increased knee flexion angle and eccentric power in the old group and a trend towards higher hip extensor moment and power in both the middle-aged and old groups. In addition, there was an age-related tendency towards higher hip flexion. These findings generally agree with the literature [4] [5] [6] [7] suggesting that during walking old adults rely less on ankle plantarflexors and more on knee and/or hip extensors than young adults.
Running and sprinting
Because ankle plantarflexors are shown to contribute most to the generation of the support and propulsion forces during walking [20 -22] , and running [15, 23, 24] , we hypothesized that older subjects would demonstrate a progressive deficit in the ankle plantarflexor moment and power generation as the mode of locomotion changed from walking to running to sprinting. Our results partially supported this hypothesis, in that during running, we observed 12% and 25% lower ankle plantarflexor moment among the middle-aged and old athletes, respectively. However, during sprinting, the deficit remained roughly the same showing only slightly greater decline (15% and 27%) compared with the young athletes. A previous study [14] with slower running speed (2.7 m s
21
) found 13% decrease in the ankle plantarflexor moment among the older adults (mean age 64 year), which is similar to the middle-aged group (mean age 61 year) in this study despite the different running speeds (4 m s 21 and maximum speed). Therefore, these findings suggest that age-related decline in the ankle plantarflexor moment is more related to ageing than running speed. However, the same was not true in the ankle power absorption and generation, where between-group differences were much larger during sprinting than during running. This most likely results from remarkably shorter ground contact time in the young group compared with the middle-aged and old groups, which require more rapid muscular force generation reflected by increased peak muscle power rather than by peak muscle moments [23] . Furthermore, because ageing seems to have a greater effect on rapid force generation than peak force of the muscles in untrained [25] [26] [27] and also in speed-and power-trained older adults [3] , larger age-related reduction in the ankle plantarflexor power during locomotion may therefore be expected. Because the majority of the ankle plantarflexors' (soleus and gastrocnemius) muscle-tendon unit power generation during walking and running results from recoil of in-series elastic structures [28, 29] , less efficient utilization of the stored elastic energy may be one key mechanism to explain impaired ankle propulsion among older adults during locomotion [30] . However, further research of age-related changes in muscletendon interaction during walking and running is required to evaluate this hypothesis. During running, we found that older athletes tended to compensate reduced ankle contribution by increasing effort of the hip extensors. Although older people are known to demonstrate a redistribution of power output to more proximal muscles during walking to maintain similar speed with their younger counterparts [4] [5] [6] [7] , to the best of our knowledge, this compensation strategy has not been demonstrated before in running. A distal-to-proximal shift in joint kinetics was found especially in the old group which exhibited reduction in the ankle kinetics, but instead, increased hip extensor power during the stance phase of running when compared with the young athletes. The old group showed also a tendency towards higher foot strike angle during both running and sprinting which suggests the presence of a rearfoot running pattern [19] . It is possible that alteration in the landing strategy among old athletes can be a mechanism to shift contribution from ankle plantarflexors to the more proximal muscles such as knee extensors by changing lower limb alignment in relation to GRF vector (reduction of the ankle but increase of the knee joint distance in relation to the GRF vector) [31] . In addition, the old group demonstrated more flexed hip joint across all measured activities. Previously an age-related shift towards hip flexion has been observed during walking [4, 6, 7] , but the findings of the current study suggest that altered hip movement is present in running and sprinting as well. However, it remains unclear whether more flexed hip joint during the whole stance phase results from age-related reduction in the hip range of motion as suggest by previous studies [32, 33] , or alternatively, is it an adaptation strategy that may help older people to optimize their force generation over the period of ground contact.
We further hypothesized, that during maximal sprinting, the middle-aged and old athletes would demonstrate reduced muscle moments and powers at the knee and hip joints. However, the results show that the reduction in the joint moments and powers was present only at the hip joint, but, surprisingly, not at the knee joint. This novel finding suggests that, besides ankle plantarflexors, an age-related decline in the muscular output during sprinting occurs in the hip extensors and flexors, whereas the contributions of the knee extensors remain essentially similar. Therefore, the knee extensors capacity may not be a limiting factor of the sprinting performance in older age. Such a result may be explained by the findings that, in contrast to ankle and hip joints, the kinetics of the knee joint during the stance phase of sprinting appears to change very little as running speed increases from 5 to 9 m s 21 [23] , and thereafter with higher speeds, the extensor moment of the knee may even decrease [34, 35] . In line with these findings, a recent computer simulation study suggests that the contribution of the ankle plantarflexor to GRF generation increases whereas knee extensors decreases during sprinting with greater speeds than 7.0 m s 21 [24] . Because, in this study, the young adults reached remarkably higher sprinting speeds (9.3 m s
) than the middle-aged (7.9 m s
) and old athletes (6.6 m s 21 ), the need for a larger knee extensor moment or power generation among the young group may be diminished.
Mechanisms of age-related locomotor decline
The majority of the research to date examining age-related locomotion ability and muscular force capacities has focused on the proximal lower limb muscles such as knee extensors rather than on ankle plantarflexors [36 -38] . The findings of these experiments generally suggest a strong link between walking ability and knee extensor strength. However, in this study, we found age-related deficit in the ankle moment and power generation during locomotion, whereas no deterioration was present at the knee moment or power. This suggests that the force generation capacity of the ankle plantarflexors rather than knee extensors may play a critical role in maintaining locomotor performance in older age. The fact that the age-related declines in force generation capacity occur similarly in different lower limb muscle groups [25, 39] , may be an explanation for the strong association between walking ability and knee extensor capacity in previous studies [36 -38] , even though it may not be the limiting factor of walking performance.
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Because age-related loss of muscle force generation capacity occurs similarly in different lower limb muscle groups [25, 39] , one might ask why the reduction in the lower limb joint moments and powers during locomotion take place mainly at the level of ankle plantarflexors instead of knee and hip muscles. One possible explanation for this question is a recent notion that a much greater percentage of the maximal force generation capacity is required from the ankle plantarflexors than knee and hip muscles to drive the motion during walking gait [2] . By expressing joint moments during walking in relation to the maximal available effort of each joint, the researchers [2] pointed out that old adults walk near the maximal capacity of the ankle plantarflexors, whereas the knee and hip muscles operate at much lower relative effort. Furthermore, the results of a previous modelling study, where researchers progressively weakened all lower limb muscle groups in gait simulation suggest, that walking gait is remarkably robust to weakness of the knee and hip extensors but very sensitive to weakness of the ankle plantarflexors [40] . These findings together with the current results show that age-related decline in muscular capacity first challenges the normal function of ankle plantarflexors during locomotion, thus leading to compensatory actions such as shorter steps and shift of the joint kinetics from ankle towards more proximal joints.
Future studies and limitations
Because propulsive deficit of ankle plantarflexors seems to be a key factor behind locomotor decline in older age, it seems reasonable to assume that exercise interventions designed to slow down or even restore age-related attenuation in locomotion should focus on improving ankle plantarflexor capacity. However, although several studies have already revealed the positive effects of resistance training [36, 38, 41] or almost any kind of physical activity [5, 42, 43] on locomotion ability, the underlying biomechanical mechanisms behind these improvements appear to be unclear [2] . For example, a previous study [42] comparing walking mechanics of young versus old adults with active (running background) and inactive training backgrounds found that both groups of old adults had a similar propulsive deficit of the ankle plantarflexors when compared with the younger adults. However, the active old adults exhibited significantly higher hip joint kinetics than their inactive counterparts, suggesting a distal-to-proximal shift in joint kinetics. This finding is somewhat surprising with respect to general expectation that high physical loading of the ankle plantarflexors, as occurs in running, would lead to similar locomotion mechanics between older and young individuals. These observations highlight the need for further investigations to better understand how physical exercise affects locomotion mechanics in older age.
Our results regarding age-related changes in GRF, stride characteristics and kinematics during running and sprinting agree well with previous studies [3, [9] [10] [11] suggesting that old adults generate less vertical and propulsion GRF, take shorter steps at a higher frequency and demonstrate larger knee flexion angle at heel strike, but reduce the knee flexion excursion during the first half of the stance phase of running (table 2). These observations indicate that the general running mechanics of old adults in this study are in line with those reported earlier. However, there are certain limitations associated with this study that should be considered when interpreting its findings. This study investigated only sagittal plane mechanics during the stance phase of locomotion. However, because both the swing phase [44] and secondary plane mechanics [45] can also affect locomotion performance, the role of these should be considered in future studies in different age groups. In addition, the participants in this study were males in excellent physical condition. Because of certain sex-related differences in walking [46] and running [47] mechanics, caution should be exercised in generalizing these results to females and persons with limited neuromuscular capacities. In this study, joint kinetics determined by inverse dynamics approach reflects the net product of the all muscles crossing the joint. However, this does not necessarily represent the true actions of the individual muscles, because the inverse dynamics analysis is unable to account for the effects of in-series elastics structures and energy transport via two-joint muscles from one joint to another [48, 49] . Finally, we did not compare muscle force production capacities or other functional properties such as joint range of motions between different age groups. Future work examining lower limb mechanics together with these factors will provide more detailed insights into the mechanisms behind age-related locomotor decline.
Conclusion
This study examined which lower limb muscles are mainly responsible for age-related deterioration in human locomotor performance. We found that the most prominent age-related deficit in the joint moment and power generation occurred at the level of ankle joint across different modes and intensity of locomotion. Old adults compensated impaired ankle propulsion by demonstrating higher muscular efforts of the more proximal lower limb muscles than their younger counterparts when walking and running at the same speed. During sprinting, the middle-aged and old adults generated less muscle moments and powers from the ankle and hip joints, but surprisingly, not from the knee joint when compared with the young adults. These findings highlight the importance of the ankle plantarflexors in locomotion and provide new insights for preventing performance impairments among older adults.
Funding statement. This study was financially supported by the Ministry of Education and Culture, and Finnish Academy (grant nos. 138574 and 250683). The funding sources did not have any involvement with the progress of study.
